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Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/5/6/eaaw5623/DC1) Movie S1 (.mov format). In situ liquid-phase TEM movie showing the phase transition of PbSe nanocrystals in EDA solution. Movie S2 (.mov format). Reconstructed 3D atomistic model of PbSe nanocrystals in unconnected hexagonal superlattices.
Supplementary Discussion
Electron beam effects during in situ TEM characterization In situ imaging of PbSe superlattice phase transitions in EDA solution (movies S3-S7) and pure EG (movie S9) was performed at 200 keV with an electron beam current of 700 electrons ·Å −2 · s −1 . As shown in Fig. S6 , there was no obvious deformation for the nanocrystals during superlattice self-assembly in EG under approximately 4 times longer electron beam exposure than that in EDA solution. This indicates that the large reversible deformation of nanocrystals observed in EDA solutions does not arise from beam-sample interactions. Moreover, the nanocrystal elongation observed in EDA solutions is always along inter-nanocrystal direction. This also suggests that the observed deformation of individual nanocrystals is not caused by beamsample interactions, from which deformation without specific direction would be expected. Additionally, we performed control experiments to confirm that the observed dynamic deformability of PbSe nanocrystals is not induced by electron beam irradiation. We studied the structural stability of PbSe hexagonal superlattices under strong electron beam irradiation without introducing any EDA or EG solution. The hexagonal superlattices were prepared by drop-casting 4 µL of a 0.5 mg/mL hexane solution onto a 50 nm Si 3 N 4 window chip, and the in situ imaging was carried out in a commercial Protochips heating holder. As shown in movie S9, even at a higher temperature of 200
• C and with an electron beam intensity of ∼890 electrons ·Å −2 · s −1 , there was no perceptible deformation of individual nanocrystals.
Internanocrystal interaction responsible for nanocrystal deformation
We developed an understanding of the possible interactions between nanocrystals which could induce such a nanocrystal deformation. Our in situ TEM results show that deformation can occur at a gap distance of 2-4 nm and along the <100> direction. The potential of mean force (PMF) for the interaction of two nanocrystals is composed of many types of forces, e.g., van der Waals, electrostatic, and solvophobic interactions (15). The interactions between nanocrystals in solution within 2-4 nm distance may include electric dipole-diploe, electrostatic, and ligandligand interactions. Our STEM-EDS analysis (Fig. S8 ) and previous spectroscopic studies (8, 34) show that the initial monomer has a Pb-rich structure, i.e., a positively charged PbSe core. Nevertheless, the repulsive electrostatic interaction between two positively charged PbSe cores is unlikely to induce the elongation of nanocrystals towards each other (not to mention that the charge is mostly shielded by oleate anions). The interaction between the ligands of two nanocrystals can potentially reach a gap distance of 2-4 nm. However, the {100} facets have stoichiometric Pb and Se atoms, therefore, the oleate ligands on {100} facets are only introduced by few excess added Pb atoms. Moreover, previous DFT calculations suggest that the excess added Pb atoms are much easier to be removed by diamine than the regular atoms in crystal lattices (8). Therefore, few excess Pb atoms and the related oleate ligands on {100} facets should be rapidly removed upon the treatment of EDA prior to the removal of most other oleate ligands, and hence, the strong interaction along the <100> direction is doubtful due to the ligand-ligand interaction. An electric dipole interaction seems plausible to explain the long-range directional interaction. Previous studies propose that the electric dipole of nanocrystals is generated by the asymmetric distribution of the polar {111} facets (10, 32, 33) . Previous calculations (33) show that for a nanocrystal with a stoichiometric (i.e., 4:4) distribution of Pb-and Se-terminated {111} facets, the <100> direction presents the highest dipole possibility and the largest dipole strength. Our STEM-EDS analysis and previous spectroscopic studies (8, 34) confirm that the initial monomer has a Pb-riched structure and the excess Pb atoms are removed along with the oleate ligands during superlattice self-assembly. Literature suggests that during this process an electric dipole along the <100> direction can emerge due to the asymmetric removal of Pb from {111} facets (10, 33). Our MD simulations use this geometry to construct the dipolar nanocrystals, which further suggests the dipole-dipole interaction between nanocrystals at a 2 nm distance can induce the elongation along the <100> direction (Figs. 5 and S10). Note that, upon a stimulus, many types of forces change concurrently in a non-additive manner, making it almost impossible to cleanly decompose the PMF (15). Therefore, although we conjecture the electric dipoles play a key role in the dynamic deformation of nanocrystals, other interparticle forces we mentioned above may also contribute to the process to a certain extent.
Kinetics of superlattice phase transitions in EG and EDA/EG Our STEM-EDS analysis and previous spectroscopic studies (8, 34) show that excess Pb atoms in the initial monomer are removed along with the oleate ligands during superlattice phase transition, suggesting a Z-type ligand-removal reaction (34):
Our in situ TEM characterization shows that the rate of superlattice assembly in EDA/EG is much faster than that in EG, suggesting that EDA/EG can remove the excess Pb atoms and oleate ligands faster than pure EG. A previous DFT study (8) also indicates that the introduction of diamine in a methanol solution leads to a lower enthalpy of the Z-type ligand-removal reaction, i.e., energy preferred. In addition, a previous ex situ TEM study (31) shows that superlattice self-assembly in EG at 140
• C forms nanocrystal chains, which is similar to the room temperature result in EDA. These experimental and theoretical results demonstrate that the main difference between EG and EDA/EG cases lies in kinetics, especially the removal kinetics of surface Pb atoms and oleate ligands. This kinetic difference appears also responsible for the difference in the observed nanocrystal deformation behaviors. In EDA/EG case, the removal kinetics is faster or comparable to the translation/diffusion of individual nanocrystals, thus considerable Pb atoms and oleate are removed in a short time while the nanocrystals still have a relatively large center-to-center distance (2-4 nm). More Pb atom removal denotes a higher possibility to generate a stronger electric dipole, and more oleate removal indicates less passivation for the surface atoms. Therefore, the deformation of nanocrystals in EDA is drastic and concurrent with the nanocrystal translation as shown by Fig 3. By contrast, the removal of Pb atoms and oleate ligands in EG is slower than the translation of nanocrystals. This results in a weaker dipole interaction of nanocrystals and a stronger passivation by oleate, leading to less deformation of individual nanocrystals before they move to a closer distance (within 1 nm) for oriented attachment.
Perspective and Open Questions Although our high-resolution in situ TEM imaging explicitly demonstrates the dynamic deformability of semiconductor nanocrystals during superlattice transformations, there are still limitations in the experimental observation and some open questions towards a comprehensive understanding of this novel phenomenon. For instances, during in situ TEM imaging, nanocrystals are initially randomly oriented. Although we have achieved the lattice-level resolution to show the number changes of the {200} lattice layers, it is extremely difficult to obtain the in situ details of other lattice layers, e.g., {110} and {111} during in situ experiments. Developing 3D in situ liquid-phase TEM technique would be a possible route to achieve the specific zone axes for direct characterization of the shape change of nanocrystals along multiple directions. This is also an important and challenging research direction for the development of general TEM research field, which opens opportunities for better understanding of the behaviors of all types of nanocrystals in solutions. EDA-induced ligand removal Snapshots of the trajectory of two non-dipolar nanocrystals aligned with the matched <100> direction with a gap distance of 2 nm at 300 K (A) and 600 K (B). The setup for the simulation is the same as that in Fig. 5B . The only difference is that there is no initial dipole moment in the original nanocrystal at 0 ps. Even at higher temperature, there is no deformation of the nanocrystal and the two nanocrystals are moving towards each other much slower than that in Fig. 5B . This shows the deformations illustrated in Fig. 5B ,C are mainly caused by dipole-dipole interactions.
Supplementary Movie Captions
Movie S1. In situ liqui phase TEM movie showing the phase transition of PbSe nanocrystals in EDA solution. The initial 2D hexagonal superlattice transform into 1D nanocrystal chain within ∼10 seconds.
Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼500 electrons ·Å −2 · s −1 .
Movie S2. Reconstructed 3D atomistic model of PbSe nanocrystals in unconnected hexagonal superlattices, corresponding to the 2D illustration in Fig. 2D . Atom color code: blue, Pb, red, Se.
Movie S3.
In situ liquid-phase TEM movie showing the dynamic deformability of nanocrystals in EDA solution. Deformation of nanocrystal 8 is retained during the oriented attachment with nanocrystals 7 and 9 (as shown in Fig. 2A ), whereas the deformation of nanocrystals 7 and 10 is recovered after moving apart from each other (as shown in Fig. S4 ). Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S4.
In situ liquid-phase TEM movie showing the reversible deformation of nanocrystals in EDA solution. Analysis on the reversible deformation of nanocrystal 11 is shown in Fig. 3 . Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S5.
In situ liqui phase TEM movie showing the transformation from a hexagonal superlattice to two nanocrystal chains in EDA solution. Representative snapshots and corresponding cartoon models are shown in Fig. S5A ,B. Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S6.
In situ liqui phase TEM movie showing retained deformation of nanocrystals during the oriented attachment in EDA solution. Representative snapshots and corresponding cartoon models are shown in Fig. S5C ,D. Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S7.
In situ liqui phase TEM movie showing the lattice alignment of neighboring nanocrystals during the oriented attachment in EDA solution. Representative snapshots and corresponding cartoon models are shown in Fig. S5E ,F. Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S8. In situ liquid phase TEM movie showing the phase transition from hexagonal to square superlattices in pure EG. Corresponding analysis is shown in Fig. 4 . Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼50 electrons ·Å −2 · s −1 .
Movie S9.
In situ liquid phase TEM movie showing reduced deformation of nanocrystals during the superlattice transformation in EG. Corresponding analysis is shown in Fig. S6 . Movie was recorded using JEOL 2100 TEM under 200 keV with an electron beam current of ∼700 electrons ·Å −2 · s −1 .
Movie S10.
In situ heating TEM movie showing no perceptible deformation of individual nanocrystals without introducing any EDA or EG solution. Movie was recorded at 200
• C using ThemIS TEM under 300 keV with an electron beam current of ∼890 electrons ·Å −2 · s −1 .
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